Summary In a closed lung-box system an equilibration process of unevenly distributed pressure was studied. According to the theoretical analysis of the pressure-time curve, a method of obtaining the resistance and compliance of the lungs and thorax simultaneously from the recorded pressure curve was developed. A 100-liter airtight box was used as a capacity box and the pressure in this box was measured during a passive inhalation process, where the box pressure was increased initially to 10-30 cmH2O. The pressure curve obeyed a simple exponential function of inhalation time; thus, the compliance and resistance were estimated from its time constant and initial box pressure values. The compliance was also calculated from the pressure observed at equilibrium. The compliances obtained at the initial transient and final equilibrium stages were referred to as the dynamic (Cd) and static (Cs) compliances, respectively. Measurements were achieved on eight normal subjects. Although the Cd values showed a large dispersion, the mean value obtained in a given subject agreed well with the C. values. On the other hand, the Cs values showed a good reproducibility. Mean values for Cs and Cd were about 0.1 liter/cmH2O. The resistance evaluated by dividing the time constant by the compliance of the lung-box system was nearly identical with that measured by the forced oscillation method. The average value was 2.4 cmH2O/liter/sec.
In estimating the work of breathing, total respiratory resistance and compliance are terms of great importance. Up to the present time resistance and compliance have been measured in most cases under different conditions ; that is, the former has been measured under static conditions and the latter under dynamic conditions (ROHRER, 1916; RAHN et al., 1946; DUBIIS et al., 1956) . In 1963 MCILROY and his co-workers developed a new method for measuring both resistance and compliance under the same conditions. When a subject exhales passively without any muscular effort, both the flow and volume curves show a simple exponential decay. In general, both curves have the same time constant. Thus, they measured two pairs of flow and volume curves during expiration, a control curve and a curve with the subject expiring through a known artificial external resistance. By dividing the volume curve by the flow in each case they obtained the time constant. From the two time constants obtained under the two different conditions . described above, they calculated the resistance and compliance separately by assuming that the time constant is given by the product of resistance and compliance. Since the above two time constant values were measured under different expiratory conditions, pulmonary resistance and compliance cannot be expected to be constant throughout the measurements. In solving the two simultaneous equations, an error in compliance tends to cause an opposite error in resistance and vice versa, as described by McILROY et al. Later on, BERGMAN (1966 , 1969 attempted to obtain the resistance of an anesthetized subject using a passive exhalation method, measuring the time constant without an artificial resistance and calculating the resistance by dividing the time constant by the compliance measured separately under static conditions. In this case also the same error could be expected.
Recently we developed a new method for obtaining the resistance and compliance simultaneously. A subject inspires air passively from an airtight box of known capacity, containing compressed air. By analyzing the transient and equilibrium box pressure curves from the single inspiration, the resistance and compliance are separated from the time constant. This paper is concerned with this technique, and with the accuracy and reproducibility of these measured values.
METHODS
1. Principle of the method. In a closed system, namely, an airtight box connected to the lungs through a duct, as shown in Fig. 1 , the pressure difference arising between the lungs and the box will diminish after a transient stage, reaching state of equilibrium. The transient change in pressure is generally exponential, and its time constant is related to three terms, namely, the compliances of the respiratory system and the box, and the resistance of the total system. When the box pressure is increased from outside the system and this pressure is released abruptly through the airway into the lungs, the total respiratory compliance and resistance can be evaluated, because the compliance of air in the box is known a priori.
Let the alveolar and box pressures be P2 and P1, the airflow be f, and the resistance be R. Then the following relation holds among these parameters : (1) Provided that the box pressure is increased to Po by adding a quantity of air, V0, to it prior to the measurement, and that a part of V0, V1, is transferred to the lungs after opening the shutter, Eq. (1) is rewritten as follows: (2) where C1 and C2 are the compliances of the air in the box and of the respiratory system, respectively. Since the airflow is given by the time derivative of air volume, namely, f = -d V1/dt, Eq. (2) can be expressed in relation to V1 by following differential equation.
(3) At t = 0, V1 = Vo; thus Eq. (3) is solved as follows : (4) Since V0=P0C1, the pressure in the box at any time, 131, will be given by V1/C1. Thus, Eq. (4) can be expressed as follows. (5) At the final stage the first term of the right-hand side of Eq. (5) can be neglected; thus, the total respiratory compliance at this stage can be obtained according to the following simple equation: (6) where Pe is the pressure in the box at an equilibrium state. If the compliance at this stage is always identical with that at the transient stage the resistance, R, can be obtained by inserting C2 of Eq. (6) into Eq. (5). However, since the former compliance differs to some extent from the latter, as described below, it becomes necessary to evaluate the latter value from the P1 curve at the transient stage according to Eq. (5). Certainly, Eq. (5) shows that, when the box pressure Pi's are measured at least two points, two unknown factors, C2 and R, can be estimated by using the measured values for Po and C1. However, Eq. (5) is too complicated to use alone for evaluation of C2 and R without knowing the final P1 value.
Differentiating Eq. (5) we can derive the following equation:
Hence, when dP1/dt is measured at two time points, t1 and t2, the time constant C1C2R/(C1 + C2) can be obtained from the following equation: corder through a DC amplifier. The compliance of the box, C1, was obtained by dividing the volume of air added to the box by the resultant increase in the box pressure. It was 0.083 liter/cmH2O. 3. Measuring procedure. The box pressure was first increased by 10-30 cm-H2O by adding about 1 to 3 liters of gas from the compressor. Prior to the pressure measurement the subject breathed room air through the three-way cock. At the end of a normal expiration, when the airflow was stopped, the cock was suddenly turned to connect the lungs with the box. The shutter was simultaneously opened and air flowed into the lungs until the pressure difference between the box and the lungs became zero. The subject was ordered to relax his thorax and not to exert any respiratory effort during the procedure. The pressure change in the box during the passive inhalation was recorded. Figure 2 shows records obtained in a well-trained subject. After the shutter was opened, the box pressure decreased exponentially and reached an equilibrium level within half a second. The equilibrium level was not always distinct because of the movement of the respiratory muscles.
Sometimes it fluctuated up and down, especially in the case of nontrained subjects. In such cases the subject was requested after the inhalation maneuver to breathe against the box at his normal rate and depth for a minute. The box pressure at the end-expiration should be equal to the equilibrium level of the preceding passive inhalation, if expiration is made without any muscular effort. In fact, in well-trained subjects the equilibrium level of a passive inhalation agreed well with the end-expiratory level of successive breathing.
4. Calculation of the compliance and resistance. The compliance at the final stage, which will be referred to as static compliance, Cs, was obtained according to Eq. (6) by inserting the measured initial and final pressures Po and Pe, where C1 was 0.083 liter/cmH2O.
In order to obtain the compliance at the transient stage, which will be referred to as the dynamic compliance, Cd, first the time constant T = C1C2R/(C1 + C2) was obtained according to Eq. (8) by subdividing the recorded pressure curve into 5 to 6 sections with equal time intervals of about 30 msec. Denoting the pressure decrease at n'th time interval as Pn and the time interval as t, Eq. (8) can be rewritten with respect to the time course from the first n'th section as : (9) Thus, the time constant was calculated by taking the logarithm of the pressure gradient at each section successively and by dividing the difference between its value at any two intervals by the lapse of time. Actually, one section in Eq. (9) was fixed at the first section and the other was subsequently slid from one section to another. The average value on 5 to 6 sections was taken as the actual time factor. By inserting this value into Eq. (5), we calculated Cd and then obtained the resistance, R, by putting Cd into Eq. (9).
In the present study the calculations was performed by a digital computer, HITAC-10 (Hitachi Co., Tokyo). The time required for the calculation was less than 30 sec.
RESULTS
The static and dynamic compliances, Cs and Cd, and resistance, R, were measured in 10 normal healthy men. First, the reproducibility of these values was examined through five subsequent measurements on two subjects who were well trained for the present measuring maneuver. Since the mechanical characteristics of the respiratory system are nonlinear, the compliance and resistance may vary with the initial pressure in the box, Po. To determine the optimum pressure, which would yield the best reproducibility, the effects of Po on these values were tested at a pressure range of 10-30 cmH2O. Next, at the optimum pressure the measurements were performed on 8 normal subjects who were not trained for the maneuver. Third, the present method was compared with the conventional forced oscillation method with respect to accuracy of the measured resistance values. Figure 3 shows the relationship between the initial box pressure, Po, and its change during inhalation. The ordinate is the logarithm of pressure and the abscissa the time after the shutter is opened. Each point represents the mean of five measurements. The reltionship between them was fairly linear for the , respectively. The difference in Cd's between both the above P0's was statistically significant. The C. also showed the same dependency on Po as the Cd, but the effect was less marked. Mean values measured at pressures ranging from 10 to 30 cmH2O were 0.105 and 0.100 liter/cmH2O in N.S. and Y.M. respectively, which agreed well with those of normal men reported by other workers (NAIMARK and CHER-NIACK, 1960; MEAD and MILIC-EMILI, 1964; CHERNIACK and BROWN, 1965) . MCILROY et al. (1963) reported through the passive exhalation method a value slightly lower than ours (0.080 liter/cmH2O).
Effect of initial pressure on resistance and compliance values
The reproducibility of Cd values was poor, except in the measurements at the lowest pressure; mean percentage standard deviation was about 20 %. In contrast, the reproducibility of CS values was better at a higher pressure range. The percentage standard deviation was less than 14 % at pressures exceeding 20 cmH2O. There was no statistically significant difference between the Cd and C. values measured at a given P0. Reproducibility of the compliance measured by MCILROY et al. (1963) in three subjects with five measurements was reported to be 11-20 % in percentage standard deviation. (GRIMBY et al., 1968 ; FISHER et al., 1968 ; GOLDMAN et al., 1970) . The difference between R at 30 and at 10 cmH2O was statistically significant . The resistance values obtained by the passive exhalation method were , however, much higher than ours (5.3 cmH2O/litler/sec by MCILROY et al ., 1963, and 5 .5 cmH20/liter/sec by BERGMAN, 1966) . Mean percentage standard deviation throughout all measurements of the Cd was 18 % in N.S. and 19 % in Y.M. Mean percentage standard deviation in the R measurements was 12 % in N.S. and 9 % in Y.M. The latter values were even lower than the deviation for the time constant, these values being 17 % in N .S. and 11 % in Y.M. This result may prove to be an advantage of the present method in that the error in the compliance measurement does not exert any influence on the resistance measurement. The reproducibility of the resistance measured by the passive exhalation method was reported to be on the same order as that of the present compliance measurement (MCILROY et al ., 1963) .
Compliance and resistance in normal subjects
In the above basic experiments it was clarified that the time constant and its two components, R and Cd, can be measured with a high reproducibility when Po is 10-15 cmH2O. From a physiological point of view it was also considered to be desirable to measure them at a low Po. Measurements were thus performed on 8 untrained subjects with a Po of about 10 cmH2O . On each subject at least five successive measurements were carried out . Examining the correlation between the logarithm of pressure and the inhalation time, the best two measurements were selected for each subject. The measured values are summarized in Table 1 . Mean R and mean Cd of the 8 subjects were 2 .44 cmH2O/liter/sec and 0.109 liter/cmH2O, respectively.
In 4 of the 8 subjects the C. was also measured at Po values of 10 and 20 cm-H2O. The mean values of these were 0.104 and 0.113 liter/cmH2O with standard errors of 0.009 and 0.011 liter/cmH2O, respectively.
Comparison of the resistance measured by the present method and the forced oscillation method
The resistance of the 8 subjects was measured by the forced oscillation method as well as by the present method. The apparatus consisted of a pressure generator made of a loud speaker 20 cm in diameter driven at a frequency of 1-10 c/sec , a pneumotachograph, and an electromanometer (Nihon Kohden Co., Tokyo). The speaker was connected to the subjects airway through a mouthpiece . To facilitate breathing, a small bypass tubing was prepared between the speaker and Table. 1.
Resistance and compliance of 8 normal subjects measured at a pressure of 10 cmH2O. T, time constant of the box and the respiratory system; Cd, dynamic compliance; R(p), resistance measured by the present method; and R(o), resistance measured by the forced oscillation method.
the airway. This did not alter the frequency characteristics of the system. The flow through the airway and the mouth pressure were measured simultaneously and displayed on X and Y axes of an oscilloscope. The slope of a Lissajous pattern at a resonant frequency indicated the resistance of the respiratory system. The resonant frequency of the present 8 subjects was 5.5 c/sec (mean) and the peak flow at the frequency was about 0.5 liter/sec. The measurement was achieved at the functional residual capacity. The resistance values measured are also shown in Table 1 (mean of the two successive measurements). The mean value of the 8 subjects was 2.44 cmH2O/liter/sec, which was not significantly different from that measured by the passive inhalation method described in the present study.
DISCUSSION
The passive exhalation method of MCILROY et al. (1963) is based on the assumption that respiratory resistance and compliance are not altered by adding external resistance. Since a slight narrowing of the glottis may produce a significant increase in airway resistance and an incomplete relaxation of the thorax may alter the compliance value, the above assumption may not always be valid. When the resistance and compliance are evaluated from two time constant values obtained successively by separate exhalation maneuvers, an error in one component of the time constant causes an opposite error in the other component.
In contrast, in the present method both the resistance and compliance were obtained in one passive inhalation process. Therefore, any error arising in the measurement remained independent for the two components, resistance and compliance. This was proved experimentally by the fact that the resistance could be obtained with high reproducibility in spite of high variability of the measured compliance values.
The Cd values dispersed considerably at a high Po range. This may be explained by the fact that the chest wall was not completely relaxed during the passive inhalation, which resulted in a change in elasticity of the respiratory system. On the other hand, the Cs values were fairly reproducible as cornpared with those obtained by other methods, such as the relaxation pressure method of RAHN et al. (1946) . This seems to suggest that the elasticity of the respiratory system is essentially invariable in a completely relaxed state. Though the individual Cd values were considerably scattered, the mean Cd value showed a good agreement with the Cs values and also with the normal values obtained by other authors under static conditions (RAHN et al., 1946; NAIMARK and CHERNIACK, 1960) . This result may also be explained by the above fact.
In the passive inhalation method the total gas volume transferred from the box to the lungs was approximately 0.5 liter and the maximum flow rate was about 4 liter sec. On the other hand, the peak flow generated by the forced oscillation method was about 0.5 liter/sec. Despite a significant difference in flow rate between these two methods, a good agreement was observed in the measured resistance values. This evidence suggests that the resistance of the lungs and thorax is practically constant over a wide range of flow rates. The resistance values measured by other researchers using the oscillation method FISHER et al., 1968; GRIMBY et al., 1968; GOLDMAN et al., 1970) are almost comparable with those obtained by the present passive inhalation method, although the former values were measured at a flow rate of about 0.5 liter/sec.
The resistance values measured by the passive exhalation method, however, are about twice as high as the above values. It is well known that the airway resistance is higher during expiration than during inspiration. However, the difference is usually less than 10 % in quiet breathing (FERRIS et al., 1964) . In order to clarify the discrepancy between the resistance values obtained by the passive inhalation and exhalation methods, we have attempted to measure the resistance during the passive exhalation by using the same apparatus. Prior to the measurement a subject inspired air from his FRC level by 1 to 2 liters. Then, the initial pressure, Po, was measured at the mouth by opening the glottis against the closed shutter of the box. After opening the shutter, the box pressure was measured continuously along the expiration time. In this measurement the box pressure deviated greatly from a simple exponential curve; thus, the time constant was difficult to obtain.
Taking into account the fact that the volume or flow curve obtained by MCILROY et al. (1963) during passive exhalation was exponential, it seems possible that the exhalation process was not performed completely when the air was expired against the closed box. This means that the respiratory muscle exerted force to expel the alveolar air into the box. The main difference between MCILROY's method and the present method consists in whether or not the mouth pressure increases as the alveolar air is expired. Therefore, it is conceivable that an increase of the mouth pressure causes reflex contraction of the respiratory muscle. In general, mouth pressure increases when alveolar air is expired through an artificial external resistance. Hence, it is possible that, when air is expired through external resistance, the respiratory muscles exert a contractile pressure on the thorax, that is, expiration is not completely passive. In such a case, the expiration time is shortened, and the time constant therefore becomes smaller than the expected value.
If such a reflex contraction occurs only when the external resistance is connected to the mouth, the airway resistances calculated from the pressure-time curves obtained with and without the external resistance will differ, as has already been observed in the data of MCILROY et al. (1963) . In the measurement of MCILROY et al. the airway resistance is calculated according to the following formula : (10) where Ro is the external resistance, and 7; and Tl are time constants measured with and without the external resistance, respectively. Consequently, if T2 is reduced more than the predicted value, R will become greater.
Another factor that enhances the resistance in expiration may be a check valve phenomenon. During expiration the alveolar pressure increases ; this consequently exerts a greater or lesser force on the airway duct from the outside to narrow the inside space of the duct. When the pressure difference between the outside and inside of the wall exceeds some critical point, the airway will collapse. When the exhalation is made slowly, the pressure difference may not increase to the point where the duct is collapsed. However, when the difference is increased by a sudden change of the mouth pressure, the influence of the compressing force will become significant. In any event, the passive expiration technique seems to be inferior to the passive inhalation technique for obtaining a reliable value for the resistance.
The present method also has sources of error. The glottis is apt to close because of the impact of a sudden inflow of air when the initial pressure is higher than 15 cmH2O. The closing reflex, however, rarely disturbs the measurement since the box pressure is normally set at a range between 10 and 15 cmH2O. The method requires a complicated calculation for determining the time constant, in contrast to the simple method of MCILROY et al. (1963) 
